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Electric	
  Aircra.	
  Requirements	
  

•  Energy	
  Density:	
  
•  400	
  Wh/kg	
  –	
  general	
  avia<on	
  threshold	
  
•  500	
  Wh/kg	
  –	
  typical	
  general	
  avia<on	
  
•  600-­‐700	
  Wh/kg	
  –	
  commercial	
  threshold	
  
•  750+	
  Wh/kg	
  –	
  commercial	
  service	
  

•  Specific	
  Power:	
  300	
  W/kg	
  
•  Cycles:	
  	
  1000s	
  of	
  recharges	
  
•  Recharge	
  9me:	
  	
  ~40	
  minutes	
  at	
  high	
  rate	
  ~2C	
  
•  Safety:	
  	
  stable,	
  non-­‐flammable	
  materials	
  

Boeing SUGAR Volt 

Failed Dreamliner Battery 

NASA Electric Aircraft 
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MD	
  Moore	
  and	
  B	
  Fredericks,	
  AIAA	
  Scitech,	
  (2014)	
  

No	
  one	
  is	
  currently	
  working	
  on	
  developing	
  
high	
  energy,	
  rechargeable,	
  safe	
  baCeries	
  for	
  

electric	
  aircraD	
  



SOA:	
  Lithium-­‐Ion	
  Ba6eries	
  

•  LIB	
  Materials	
  
•  Anode:	
  	
  Graphite	
  
•  Cathode:	
  	
  Metal	
  Oxide	
  
•  Electrolyte:	
  	
  Organic	
  Carbonate	
  Liquids	
  

•  LIB	
  Specs	
  
•  Specific	
  energy:	
  240	
  Wh/kg	
  (Cell	
  level)	
  
•  Specific	
  power:	
  300	
  W/kg	
  
•  Cycles:	
  1000s	
  (Excellent!)	
  
•  Recharge	
  Dme:	
  ~10	
  hrs	
  
•  Safety:	
  flammable	
  electrolyte	
  
•  Temperature	
  range:	
  -­‐20C	
  to	
  +40C	
  

•  LIB	
  has	
  excellent	
  rechargeability	
  
•  LIB	
  has	
  problems	
  with	
  energy	
  density,	
  

recharge	
  9me	
  and	
  safety	
  for	
  electric	
  aircraD	
  

New	
  baCery	
  “chemistries”	
  (electrodes/electrolytes)	
  needed	
  for	
  high	
  specific	
  energy,	
  
highly	
  rechargeable,	
  safe	
  baCeries	
  required	
  for	
  electric	
  aircraD	
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New	
  Anode:	
  Lithium	
  Metal	
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•  Advantage:	
  Lithium	
  metal	
  anode	
  has	
  5X	
  increase	
  in	
  energy	
  density	
  rela<ve	
  to	
  LIB	
  	
  
•  Disadvantage:	
  safety	
  and	
  cycling	
  worse	
  than	
  LIB	
  due	
  to	
  electrolyte	
  decomposi<on!	
  
•  Solu<on	
  to	
  “Li	
  metal	
  problem”	
  is	
  the	
  Holy	
  Grail	
  of	
  advanced	
  ba6ery	
  technology	
  

( )F. Orsini et al.rJournal of Power Sources 76 1998 19–29 25

Lirseparator interface. Thus, the moss caused the separa-
tor disconnection from the lithium which became isolated
from the polymer electrolyte. This drastic deterioration of
the interface seemed to be the reason for the rapid capacity
decrease observed for that cell. This effect was strongly
enhanced with increasing the cycle number so that after 50

Ž .cycles Fig. 5c a very thick mossy layer has formed. In
this extreme case, one should be aware that the cutting and
the cooling of the battery could accentuate the poor ap-
pearance of the interface, and could explain the large
empty space between the lithium and the separator. The
morphology of the mossy layers, which were mainly the

Ž .Li-deposits during the charge s , is shown in Fig. 6. After
one charge the moss appeared porous and probably crystal-
lized, while it was more and more compact for the further
charges. The effect of the cycling is then the formation of
a more and more important amount of moss, whose mor-
phology slowly changed to a more dense texture.
To observe the growth of true dendrites, similar experi-

ments were carried out on lithium batteries cycled at
higher current rates. The polarization was larger, and the
capacity decrease faster than for a Cr5 cycling rate. After
one charge to 4.5 V corresponding to the extraction of 0.65
Li from the Mn-spinel, the cell was cut, transferred, and
observed within the SEM. Fig. 7a shows a general view of
the cell section, which presents an inhomogeneous Lirsep-

Ž .arator interface. After only one charge lithium deposition
the lithium surface was already pushed aside from the
separator, due to the growth of the lithium deposits at the
lithium–polymer interface that are visible at a higher
magnification in Fig. 7b and c. More precisely two kinds
of lithium deposits can be distinguished on the Li-surface:

Ž . Ž .aggregates Fig. 7c and tangled dendrites Fig. 8 . Note

that the morphology of the aggregate looks like the moss
Ž .deposited during a first charge at Cr5 Fig. 6a . According

to the Li-surface state and to the separatorrLi contact, the
lithium plating led either to true dendrites or to aggregates.
Nevertheless these aggregates seemed to be ‘pressed den-
drites’ which could not grow freely. This assumption is
uncertain because of the poor physical pressure applied by
the separator against the lithium. Finally the shape of the
deposits reported here is comparable with previous studies
w x9 . However, rarely has such a three-dimensional aspect of
the dendrites in a complete battery been so clearly ob-
served.

3.2. Copper cells

To determine the importance of the substrate, we de-
cided to study the phenomena of Li-plating on copper
instead of lithium. Copper cells were cycled at a low rate
Ž . Ž 2 .Cr10 to obtain a current density 0.45 mArcm of Cu
comparable to a lithium battery cycled at Cr5. A typical
galvanostatic cycling curve is shown in Fig. 9. Fresh and
cycled cells were then observed by SEM to determine the
morphology of the deposited lithium. For the non-cycled
cell, the lithium-free Cu grid was embedded in the elec-
trolyte polymer, which was completely fused with the
cathode-separator part, and the copperrseparator interface

Ž . Ž .was well defined Fig. 10 . After one charge Fig. 11 a
moss appeared that tends to push the separator away, as in
the case of the lithium batteries. The EDS spectra of this
moss as well as its morphology were similar to those
observed upon cycling for the lithium batteries. The influ-
ence of the lithium plating rate on its morphology was also

Fig. 8. Dendrite formed in a lithium battery after one charge at 2.2 mArcm2.

Ba6ery	
  failure	
  due	
  to	
  dendrites	
  
(electrolyte	
  decomposiDon)	
  

Rechargeable	
  baCeries	
  with	
  high	
  energy,	
  Li	
  metal	
  anodes	
  are	
  not	
  currently	
  
possible	
  due	
  to	
  electrolyte	
  decomposi5on	
  of	
  standard/LIB	
  electrolytes	
  



New	
  Electrolyte:	
  Ionic	
  Liquids	
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[EMIM][BF4]	
  

[pyr14][TFSI]	
  

Good	
  Stability	
  

Poor	
  Stability	
  

Bha6acharyya	
  et	
  al.,	
  Nat.	
  Mat.	
  9,	
  (2010),	
  p	
  504	
  

Ul9mate	
  goal:	
  determine	
  electrolyte	
  design	
  rules	
  for	
  high	
  
energy,	
  safe,	
  rechargeable	
  baCeries	
  

•  Electrolyte	
  selec9on	
  is	
  the	
  key	
  to	
  Li	
  metal	
  problem	
  
•  Ionic	
  liquids	
  consist	
  of	
  molecular	
  anion/ca<on	
  pairs	
  
•  Highly	
  stable	
  and	
  non-­‐flammable	
  (safe)	
  
•  Some	
  ILs	
  are	
  stable	
  against	
  Li	
  metal	
  decomposi9on;	
  

however,	
  others	
  are	
  not.	
  	
  Why?	
  
•  Stability	
  of	
  two	
  ILs	
  against	
  Li	
  metal	
  inves<gated:	
  

•  [pyr14][TSFI]	
  –	
  good	
  stability	
  
•  [EMIM][BF4]	
  –	
  poor	
  stability	
  	
  

•  Stability	
  is	
  cri9cal	
  for	
  baCery	
  rechargeability	
  
•  Many	
  other	
  proper<es	
  required	
  for	
  viable	
  electrolyte	
  
•  Vast	
  number	
  of	
  ILs	
  possible	
  ~1018	
  
•  Chemical	
  design/synthesis	
  of	
  new	
  ILs	
  with	
  tailored	
  

proper9es	
  possible	
  



Technical	
  Goals	
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•  Technical	
  Ques9ons:	
  
–  Is	
  IL	
  ionic	
  conduc<vity	
  too	
  low	
  for	
  ba6eries?	
  
–  What	
  is	
  detailed	
  interac<on	
  between	
  IL	
  electrolyte	
  and	
  Li	
  metal	
  anode?	
  
–  What	
  is	
  the	
  cell	
  performance	
  with	
  ILs	
  and	
  Li	
  metal	
  electrodes?	
  
–  What	
  is	
  detailed	
  interac<on	
  between	
  IL	
  electrolyte	
  and	
  cathode	
  materials?	
  (future)	
  
–  What	
  is	
  the	
  op<mal	
  electrolyte	
  for	
  electric	
  aircra.	
  requirements?	
  (future)	
  
–  N.B.,	
  understanding	
  of	
  all	
  these	
  issues	
  is	
  incomplete	
  for	
  SOA	
  LIB	
  a.er	
  20	
  years	
  

•  Cross-­‐Center,	
  Mul9-­‐Disciplinary	
  Team	
  
•  ARC	
  Computa9onal	
  Materials	
  Group:	
  modern	
  computa<onal	
  material	
  science	
  and	
  

computa<onal	
  chemistry	
  
•  GRC	
  Electrochemistry	
  Branch:	
  wide-­‐ranging	
  experience	
  in	
  ba6ery	
  development	
  and	
  

experimental	
  characteriza<on	
  
•  Innova9on:	
  develop	
  unique	
  set	
  of	
  computaDonal	
  tools	
  Dghtly	
  coupled	
  to	
  experiments	
  to	
  

accelerate	
  fundamental	
  understanding,	
  screening	
  and	
  design	
  of	
  novel	
  electrolytes	
  for	
  
complex,	
  advanced	
  baPeries	
  

•  Benefit/Impact:	
  accelerated	
  development	
  	
  of	
  high	
  energy,	
  safe,	
  rechargeable	
  ba6eries	
  
to	
  enable	
  electric	
  aircra..	
  	
  Integrated	
  approach	
  will	
  revolu<onize	
  the	
  ba6ery	
  industry	
  
and	
  air	
  transporta<on	
  



Technical	
  Approach	
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•  Conduc<vity	
  simula<ons	
  

•  Experimental	
  valida<on	
  

•  Interface	
  simula<ons	
  with	
  voltage	
  

•  Electric	
  double	
  layer	
  structure	
  

•  Electrolyte	
  surface	
  decomposi<on	
  

•  Chemical	
  pathways	
  

•  Surface	
  layer	
  forma<on	
  

I.	
  Isolated	
  Ionic	
  Liquids	
  

III.	
  Ionic	
  Liquid-­‐Electrode	
  interface	
  

IV.	
  Interfacial	
  chemistry	
  

•  Build	
  cells	
  

•  Electrochemical	
  characteriza<on	
  

•  Surface	
  layer	
  iden<fica<on	
  

II.	
  Experimental	
  Cell	
  Characteriza9on	
  



Seedling	
  Project	
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I.   Isolated	
  Ionic	
  Liquids	
  
II.  Experimental	
  Cell	
  Characteriza<on	
  
III.  Ionic	
  Liquid-­‐Electrode	
  Interfaces	
  
IV.  Interfacial	
  Chemistry	
  
V.  Extra	
  Funding:	
  Li-­‐Air	
  Cells	
  
VI.  Summary	
  



Molecular	
  Dynamics	
  Simula<ons	
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•  Newton’s	
  law	
  F=ma	
  for	
  each	
  atom	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
  	
  

•  Bonded	
  interac<ons:	
  

	
  
•  Non-­‐bonded	
  interac<ons: 	
   	
   	
   	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
  	
  

•  “Polarizable”	
  interac<ons	
   	
   	
   	
   	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
  	
  

•  New	
   polarizable	
   so=ware	
   module	
   for	
  
Ionic	
  Liquid	
  simula5ons	
  developed	
  

•  Massive	
  trajectory	
  datasets	
  for	
  analysis	
  

EF −∇=

 [pyr14][TFSI] 



Thermodynamics	
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Well-­‐established	
  theore<cal	
  founda<on	
  (sta<s<cal	
  mechanics)	
  

CP =
∂(H +PV )

∂T P

=
δ H +PV( )2

NPT

kBT
2

βT =
1
V
∂V
∂P T

=
δV 2

NPT

V kBT

αP =
1
V
∂V
∂T P

=
δVδ H +PV( ) NPT

V kBT
2

γV =
∂P
∂T V

=
αP

βT

Heat	
  Capacity	
  

Isothermal	
  Compressibility	
  

Thermal	
  Expansion	
  Coefficient	
  

Thermal	
  Pressure	
  Coefficient	
  



Transport	
  Proper<es	
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Non-­‐equilibrium	
  transport	
  coefficients	
  (fluctua<on-­‐dissipa<on	
  theorems)	
  

D∝ dt v(t)v(0)∫

ηxy ∝ dt∫ pxy (t)pxy (0)

γ IC ∝
d
dt

qr(t)− qr(0)( )2

Diffusion	
  

Viscosity	
  

Ionic	
  Conduc<vity	
  



Li	
  Ion	
  Solva<on	
  Shell	
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Li-­‐TSFI	
  shell	
   Li-­‐BF4	
  shell	
  

(a)! (b)! (c)![Li][TFSI]!!"#$# [Li][FSI]!!$#%# [Li][BF4]!
!$#
%#

P("1"1"2) = 64 %! P("1"1"1"1) = 81 %! P("1"1"1"1) = 83 %!Figure 6: Most likely Li+ coordination complexes found in (a) [pyr14][TFSI], (b)
[pyr13][FSI], and (c) [EMIM][BF

4

] at T = 298 K and x
Li

+ = 0.05.

41

Li-­‐FSI	
  shell	
  
(new	
  for	
  Phase	
  II)	
  

Detailed	
  informa9on	
  on	
  how	
  ionic	
  liquid	
  electrolyte	
  organizes	
  itself	
  around	
  Li	
  ion	
  

Important	
  for	
  electrolyte	
  proper9es	
  and	
  baCery	
  performance	
  

Best,	
  Bha6	
  and	
  Hollenkamp,	
  JECS	
  157	
  (2010),	
  A903	
  



Ionic	
  Conduc<vity	
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High	
  Conduc9vity	
  Low	
  Conduc9vity	
   High	
  Conduc9vity	
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Figure 13: Ionic conduction of (a) [pyr14][TFSI] in both the neat form and that having
x
Li

+ = 0.20, (b) [EMIM][BF
4

] in both the neat form and that having x
Li

+ = 0.10, and (c)
[pyr13][FSI] in both the neat form and that having x

Li

+ = 0.15. MD simulation results (solid
symbols) are compared to experimental measures (outlined symbols).5,19,22,24,52

48
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Excellent	
  agreement	
  with	
  GRC	
  experiments	
  

New	
  Ionic	
  Liquid	
  [pyr13][FSI]	
  has	
  significantly	
  higher	
  conduc<vity	
  than	
  [pyr14][TFSI]	
  

Conduc9on	
  mechanisms	
  examined	
  in	
  detail	
  sugges9ng	
  further	
  improvements	
  possible	
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  Viscosity	
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Broad	
  agreement	
  between	
  modeling	
  and	
  experiments	
  for	
  a	
  range	
  of	
  proper9es	
  	
  	
  	
  	
  	
  
New	
  IL	
  system	
  has	
  superior	
  transport	
  proper9es	
  to	
  others	
  considered	
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polypropylene gasket

wavespring
spacer

lithium disc (5/8" dia.)

can (positive)

separator (0.8" dia.)

cover (negative)

lithium disc (5/8" dia.)

•  Laboratory	
  cells	
  –	
  easily	
  constructed	
  
• 	
  Focus	
  characteriza<on	
  of	
  the	
  Li	
  metal	
  electrode	
  

Ionic	
  Liquid	
  
electrolyte	
  	
  
in	
  porous	
  	
  
separator	
  

Lithium	
  Electrodes	
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[pyr14][TFSI]	
  cycles	
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  to	
  1750	
  cycles	
  

[EMIM][BF4]	
  fails	
  	
  
aDer	
  100	
  cycles	
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  aDer	
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  and	
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  cycling	
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   Low	
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[EMIM][BF4]	
  has	
  increasing	
  surface	
  layer	
  resistance	
  
[pyr14][TFSI]	
  and	
  [pyr13][FSI]	
  have	
  decreasing	
  surface	
  layer	
  resistance	
  	
  

0% 

50% 

100% 

150% 

200% 

250% 

300% 

0 100 200 300 400 500 600 

 %
  I

m
pe

da
nc

e 
 

Cycle Number 

EMIM (20°C) 

Pyr14TFSI (20oC) 

Pyr13FSI (20oC) 



Surface	
  Morphology	
  

March	
  18–19,	
  2015	
  
	
  

NASA	
  Aeronau<cs	
  Research	
  Mission	
  Directorate	
  2015	
  Seedling	
  Technical	
  Seminar	
  	
   20	
  

Exposed	
  
Lithium	
  

Mossy,	
  conduc<ve	
  layer	
  

[pyr14][TFSI]	
  

Waxy,	
  insula<ng	
  layer	
  

Exposed	
  Lithium	
  

[EMIM][BF4]	
  

Mossy	
  layer	
  

[pyr13][FSI]	
  

Surface	
  layers	
  (mossy	
  vs	
  waxy)	
  have	
  drama9c	
  effect	
  on	
  cycling	
  performance	
  

Essen9al	
  to	
  understand	
  forma9on	
  chemistry	
  to	
  select/design	
  op9mal,	
  stable	
  electrolytes	
  

Computa9onal	
  modeling	
  to	
  inves9gate	
  proper9es	
  and	
  forma9on	
  of	
  complex	
  surface	
  layers	
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z!

x!

Lz = 10 nm!

Pictorial)view)

•  Structure	
  and	
  proper9es	
  of	
  interfacial	
  electric	
  double	
  layer	
  
•  Interface	
  structure	
  sets	
  the	
  stage	
  for	
  electrolyte	
  decomposi<on	
  
•  Advanced	
  simula<on	
  techniques	
  implemented	
  
•  Neat	
  systems	
  and	
  Li-­‐doped	
  systems	
  
•  Applica9on	
  to	
  baCeries	
  and	
  supercapacitors!	
  (CAS	
  proposal)	
  



Interfacial	
  Double	
  Layer	
  

March	
  18–19,	
  2015	
  
	
  

NASA	
  Aeronau<cs	
  Research	
  Mission	
  Directorate	
  2015	
  Seedling	
  Technical	
  Seminar	
  	
   23	
  

Q
 D

en
si

ty"

0"

-q"

+q"

V+" V-"

F buildup at 
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Detailed	
  molecular	
  structure	
  of	
  electrolyte-­‐electrode	
  interface	
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•  AlternaDng	
  layers	
  of	
  anions	
  (red)	
  and	
  caDons	
  (blue)	
  	
  
•  Interface	
  changes	
  as	
  a	
  func9on	
  of	
  voltage	
  and	
  Li	
  ion	
  concentra9on	
  
•  Li-­‐doping	
  disrupts	
  well	
  ordered	
  double	
  layer	
  at	
  the	
  interface	
  
•  Li+	
  strongly	
  localized	
  in	
  anode	
  layer	
  5-­‐10	
  Ang.	
  from	
  electrode	
  

Pure [pyr14][TFSI]" 20% Li[TFSI]" Li-only 
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  Energy	
  barrier	
  for	
  Li	
  ions	
  to	
  approach	
  surface	
  

E-EPZC = +4.2 V!
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Li	
  ions	
  embedded	
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  anion	
  layers	
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Simula9ons	
  have	
  applica9on	
  to	
  supercapacitors	
  (CAS)	
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Simula9ons	
  correlate	
  differen9al	
  capacitance	
  with	
  detailed	
  molecular	
  interface	
  structure	
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Interfacial	
  double	
  layer	
  stores	
  charge	
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   [EMIM][BF4]	
  	
  



Differen<al	
  Capacitance	
  

Reasonable	
  agreement	
  with	
  experiment:	
  data	
  very	
  sensi9ve	
  to	
  surface	
  details	
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[pyr13][FSI]	
   [pyr13][FSI]	
  +	
  Li	
  Salt	
  

Very	
  recent	
  class	
  of	
  simula9ons	
  -­‐	
  experimenta9on	
  must	
  catch	
  up	
  with	
  this	
  level	
  of	
  detail	
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I.  Isolated	
  Ionic	
  Liquids	
  
II.  Experimental	
  Cell	
  Characteriza<on	
  
III.  Li-­‐Air	
  Full	
  Cells	
  
IV.  Ionic	
  Liquid-­‐Electrode	
  Interfaces	
  
V.   Interfacial	
  Chemistry	
  
VI.  Summary/Future	
  Direc<ons	
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[pyr14]+[TFSI]- [emim]+[BF4]- 

Li
th

iu
m

 M
et

al
 S

ur
fa

ce
 

High	
  accuracy,	
  high	
  expense,	
  quantum	
  simula9ons	
  of	
  electrolyte	
  decomposi9on	
  

Lithium
 M

etal S
urface 
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  Condi<ons	
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Unoccupied	
  	
  
Molecular	
  	
  
Level	
  

Occupied	
  	
  
Molecular	
  	
  
Level	
  

Occupied	
  	
  
Surface	
  	
  
Level	
  

Distance	
  of	
  Molecule	
  from	
  Surface	
  

Decomposi9on	
  occurs	
  when	
  molecular	
  and	
  surface	
  electronic	
  levels	
  cross	
  

Explana9on	
  of	
  behavior	
  seen	
  in	
  simula9ons	
  



Decomposi<on	
  Voltage	
  
Dependence	
  

Qcat	
  =	
  +0.4	
  

Qan	
  =	
  -­‐1.0	
  

QSurf	
  =	
  -­‐2.4	
  

Problem:	
  electrons	
  jump!	
  

First	
  a6empt	
  to	
  charge	
  the	
  surface	
  	
  

Qcat	
  =	
  +1.0	
  

Qan	
  =	
  -­‐1.0	
  

QSurf	
  =	
  -­‐3.0	
  

Constrained	
  DFT	
  to	
  control	
  electrons	
  

New	
  non-­‐trivial	
  implementa<on	
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Most	
  electrolyte	
  decomposi9on	
  occurs	
  under	
  voltage	
  condi9ons	
  
Computa9ons	
  tools	
  very	
  primi9ve	
  for	
  this	
  complex	
  situa9on	
  



Decomposi<on	
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  Voltage	
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Easier	
  to	
  add	
  electron	
  to	
  molecule	
  than	
  to	
  remove	
  one	
  to	
  surface	
  

Surface	
  Charge	
  

Unoccupied	
  	
  
Molecular	
  	
  
Level	
  

Occupied	
  	
  
Surface	
  	
  
Level	
  

Occupied	
  	
  
Molecular	
  	
  
Level	
  

Electron	
  
jumps	
  to	
  	
  
molecule	
  

Electron	
  
jumps	
  to	
  	
  
surface	
  

Predict	
  condi9ons	
  for	
  electrolyte	
  decomposi9on	
  (preliminary	
  results)	
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I.  Isolated	
  Ionic	
  Liquids	
  
II.  Experimental	
  Cell	
  Characteriza<on	
  
III.  Ionic	
  Liquid-­‐Electrode	
  Interfaces	
  
IV.  Interfacial	
  Chemistry	
  
V.   Extra	
  Funding:	
  Li-­‐Air	
  Cells	
  
VI.  Summary	
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Preliminary	
  work	
  with	
  	
  
semi-­‐commercial	
  air	
  electrode* 

polypropylene gasket

wavespring
spacer

working electrode (0.82" dia.)

lithium counter-electrode (5/8" dia.)

can (positive)

separator (0.82" dia.)

cover (negative)

IL	
  readily	
  we6ed	
  this	
  air	
  cathode	
  
Visible	
  flooding	
  of	
  can	
  perfora<ons	
  

•  Samples	
  used	
  to	
  build	
  ini<al	
  experience	
  
•  ~9	
  mg	
  C/cm²	
  (heavy	
  loading)	
  
•  Test	
  in	
  perforated	
  2325	
  coin	
  cell	
  
•  2	
  cm²	
  ac<ve	
  area	
  (limited	
  by	
  Li	
  disc	
  area)	
  
•  First	
  tes9ng	
  performed	
  with	
  0.5	
  m	
  LiFSI	
  in	
  
[P13][FSI]	
  IL	
  



Li-­‐Air	
  Coin	
  Cell	
  

March	
  18–19,	
  2015	
  
	
  

NASA	
  Aeronau<cs	
  Research	
  Mission	
  Directorate	
  2015	
  Seedling	
  Technical	
  Seminar	
  	
   35	
  

Semi-­‐commercial	
  air	
  electrode	
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Cell	
  allowed	
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  cycling…	
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•  20	
  cycles	
  completed	
  at	
  shallow	
  discharge	
  	
  
•  Low	
  current	
  density	
  (5	
  uA/cm²)	
  
•  Voltage	
  profiles	
  as-­‐expected	
  for	
  Li-­‐air	
  
 

•  ±10	
  uA	
  for	
  10	
  hr	
  (0.6	
  mA/g	
  C)	
  
•  No	
  rest	
  
•  6	
  mAh	
  /	
  g	
  C	
  
•  2	
  V	
  to	
  4.8	
  V	
  cycling	
  limits	
  
•  Tes<ng	
  in	
  dry-­‐room	
  air	
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  Coin	
  Cell	
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Voltage	
  profiles	
  in	
  extended	
  
cycling	
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•  160	
  shallow	
  cycles	
  achieved	
  
•  126	
  days	
  of	
  exposure	
  to	
  dry-­‐room	
  air	
  	
  
•  Erra<c	
  discharge	
  performance	
  

observed	
  over	
  the	
  life	
  of	
  tes<ng	
  
•  2	
  V	
  cutoff	
  reached	
  before	
  10-­‐h	
  limit	
  

in	
  many	
  cycles	
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  Coin	
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•  160	
  shallow	
  cycles	
  achieved	
  
•  126	
  days	
  of	
  exposure	
  to	
  dry-­‐room	
  air	
  	
  
•  Erra<c	
  discharge	
  performance	
  observed	
  

over	
  the	
  life	
  of	
  tes<ng	
  
•  2	
  V	
  cutoff	
  reached	
  in	
  some	
  cycles	
  
•  Erra<c	
  performance	
  traceable	
  to	
  dry	
  room	
  

shutdown	
  events	
  (temperature	
  rise?)	
  



Summary	
  
•  Electrolyte	
  Ionic	
  Conduc9vity	
  

–  Implemented	
  high	
  accuracy	
  polarizable	
  force	
  fields	
  for	
  electrolyte	
  simula<ons	
  
–  Determined	
  detailed	
  structure	
  and	
  properDes	
  of	
  three	
  bulk	
  ILs	
  electrolytes	
  
–  Excellent	
  agreement	
  between	
  computa<on	
  and	
  experiment	
  for	
  range	
  of	
  proper<es	
  
–  New	
  [pyr13][FSI]	
  electrolyte	
  showed	
  significantly	
  be6er	
  conduc<vity	
  
–  Analysis	
  of	
  conduc<vity	
  mechanisms	
  suggest	
  further	
  improvements	
  

•  Experimental	
  Cell	
  characteriza9on	
  
–  Built	
  and	
  characterized	
  Li	
  cells	
  (cycling,	
  impedance,	
  voltammetry,	
  SEM/EDAX)	
  
–  Iden<fied	
  different	
  surface	
  layers	
  for	
  different	
  electrolytes	
  
–  Correlated	
  morphology	
  of	
  surface	
  layer	
  with	
  cycling	
  performance	
  
–  Iden<fied	
  class	
  of	
  electrolyte	
  with	
  stable	
  cycling	
  

•  Interfacial	
  Structure	
  and	
  Proper9es	
  
–  Implemented	
  advanced	
  simula<on	
  methods	
  for	
  interface	
  simula<ons	
  
–  Determined	
  interface	
  double	
  layer	
  proper<es	
  for	
  all	
  ILs	
  
–  Computed	
  and	
  measured	
  differen<al	
  capacitance	
  for	
  all	
  ILs	
  studied	
  
–  Correlated	
  molecular	
  structure	
  with	
  capacitance	
  quan<ta<vely.	
  	
  	
  
–  Applica<on	
  to	
  supercapacitors	
  
–  Iden<fied	
  molecular	
  species	
  for	
  decomposi<on	
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Summary	
  
•  Interfacial	
  Surface	
  Chemistry	
  

–  Iden<fied	
  surface	
  decomposi<on	
  reac<ons	
  from	
  simula<ons	
  	
  
–  Analyzed	
  decomposi<on	
  reac<ons	
  based	
  on	
  energy	
  level	
  alignment	
  
–  Devised	
  method	
  to	
  charge	
  electrode	
  to	
  study	
  decomposi<on	
  under	
  voltage	
  
–  Implemented	
  constrained	
  DFT	
  method	
  for	
  computa<ons	
  under	
  voltage	
  
–  Analyzed	
  electron	
  transfer	
  of	
  molecule	
  as	
  a	
  func<on	
  of	
  voltage	
  
–  Predicted	
  condi<ons	
  for	
  electrolyte	
  decomposi<on	
  

•  Full	
  Li-­‐Air	
  Cells	
  
–  Built	
  and	
  characterized	
  full	
  Li-­‐Air	
  cell	
  
–  Cycled	
  Li-­‐Air	
  cells	
  for	
  more	
  than	
  140	
  cycles	
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Conclusions	
  
•  We	
  made	
  significant	
  progress	
  in	
  developing	
  a	
  unique,	
  mul9faceted	
  set	
  of	
  experimentally	
  validated	
  

computa9onal	
  tools	
  to	
  address	
  major	
  obstacles	
  to	
  high	
  energy,	
  rechargeable,	
  safe	
  baCeries	
  
•  Tools	
  are	
  not	
  unique	
  to	
  ILs	
  and	
  can	
  be	
  used	
  	
  for	
  other	
  electrolytes	
  (organics,	
  solid-­‐state,	
  etc)	
  
•  Seedling	
  project	
  provided	
  “proof-­‐of-­‐concept”	
  for	
  these	
  par9cular	
  tools	
  
•  Significantly	
  more	
  work	
  needed	
  to	
  perform	
  the	
  full	
  analysis,	
  expand	
  the	
  set	
  of	
  reference	
  systems,	
  

determine	
  trends,	
  develop	
  further	
  tools,	
  enter	
  design	
  cycle,	
  etc	
  
•  Future	
  work	
  will	
  address:	
  

–  Further	
  improvements	
  in	
  ion	
  conduc<vi<es	
  and	
  other	
  electrolyte	
  parameters	
  
–  Fuller	
  understanding	
  of	
  electrolyte	
  decomposi<on,	
  stability	
  condi<ons	
  and	
  surface	
  layer	
  forma<on	
  
–  Cathode	
  materials	
  and	
  corresponding	
  electrolytes	
  
–  Naviga<on	
  of	
  huge	
  electrolyte	
  design	
  space,	
  e.g.	
  high-­‐through	
  put	
  screening	
  
–  Chemical	
  synthesis	
  of	
  new,	
  novel	
  electrolytes	
  
–  Establish	
  the	
  rela<on	
  between	
  chemistry	
  (small	
  scale)	
  and	
  cell	
  performance	
  (large	
  scale)	
  
–  Integra<on	
  of	
  promising	
  electrolytes	
  into	
  full	
  ba6ery	
  systems	
  
–  Expansion	
  of	
  approach	
  and	
  method	
  to	
  other	
  systems,	
  such	
  as	
  solid	
  state	
  energy	
  storage	
  devices,	
  

supercapacitors,	
  etc	
  
•  CAS	
  proposal:	
  address	
  these	
  ques<ons	
  and	
  go	
  to	
  the	
  next	
  level	
  by	
  bringing	
  in	
  outside	
  partners	
  (IBM,	
  

CMU,	
  Berkeley)	
  with	
  exper<se	
  in	
  screening,	
  synthesis	
  and	
  design.	
  	
  Dream	
  Team	
  of	
  experts	
  uniquely	
  
posi<oned	
  to	
  a6ack	
  these	
  challenges	
  that	
  are	
  at	
  the	
  core	
  of	
  ba6ery	
  cell	
  technology	
  	
  

•  Dissemina9on:	
  2	
  ar<cles	
  in	
  print,	
  3	
  in	
  prepara<on;	
  2	
  conferences(more	
  to	
  come)	
  	
  
March	
  18–19,	
  2015	
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